It is controversial whether mutations in cystic fibrosis transmembrane conductance regulator intrinsically dysregulate inflammation. We characterized passage 2 human tracheobronchial epithelial cell cultures morphologically and physiologically and determined whether cytokine production or nuclear factor-B activation was systematically altered in cystic fibrosis (CF) cells. Non-CF and CF cells originating from a total of 33 and 25 lungs, respectively, were available for culture on plastic or at an air-liquid interface until well differentiated. 
Morbidity and mortality in cystic fibrosis (CF) are largely due to chronic endobronchial bacterial infection with severe neutrophilic inflammation. Ongoing infections result from impaired mucociliary clearance subsequent to defective ion transport, which depletes the periciliary liquid layer and raises mucus viscosity (1) . Defects in antimicrobial activity (2) , diminished binding and uptake of Pseudomonas aeruginosa by epithelial cells (3) , or defective neutrophil phagocytosis (4) may also contribute. The efficacy of antiinflammatory therapies (5, 6) underscores the importance of inflammation to cause loss of lung function. Increased interleukin (IL)-8 and neutrophils found in CF bronchial lavage fluid without apparent infection (7, 8) or when normalized for bacterial burden (9, 10) suggest that defective CF transmembrane conductance regulator (CFTR) might directly dysregulate inflammation. It is reported that fetal human CF airways and lung tissues, even when sterile, accumulate more leukocytes compared with non-CF airways when implanted in immune-deficient mice (11, 12) . However, the notion of inflammation without infection as a primary defect in CF infants has been challenged (13) .
Several cell culture studies support the concept of dysregulated inflammatory responses in CF epithelial cells. IL-8 and IL-6 secretion in response to P. aeruginosa was elevated and more sustained in CFTR mutant cell lines (14, 15) , and higher baseline nuclear factor-B (NF-B) activation was reversed by the introduction of normal CFTR or by culture at permissive temperature (16) . Excessive cytokine production may reflect a cell stress response caused by mutant, misfolded CFTR accumulation in the endoplasmic reticulum, but cells with the G551D mutation, which express and traffic inactive CFTR to the cell surface, also had enhanced Ca 2ϩ signaling and greater NF-B activity (17) . Similarly, two groups (18, 19) found that CF tracheal gland cells exhibit elevated basal and stimulated levels of IL-8 and IL-6. The CF gland cells had reduced levels of the inhibitor of nuclear factor B␣ (IB␣), which was reversed by genistein, presumably because of enhanced delivery of mutant CFTR to the cell surface (20) . Hypertonic stress also had a greater IL-8-inducing effect on CF gland cells (21) , perhaps indicating a lower "stress threshold." Furthermore, a recent report showed equal baseline but higher tumor necrosis factor-␣ (TNF-␣)-stimulated NF-B activity and IL-8 production in a CF cell line that was ascribed to altered IB␤, rather than IB␣, activity (22) .
Other studies suggest no or only small differences related to inflammation in CF cells. In primary human epithelial cells or cell lines on plastic, release of regulated upon activation, normal T cell expressed and secreted (RANTES) was dependent on CFTR expression, but basal or stimulated secretion of IL-8 or monocyte chemoattractant protein-1 was independent of CFTR status (23) . No differences between CF and non-CF derived cell lines were observed for secretion of IL-8 or IL-6 induced by a variety of stimuli, including P. aeruginosa products (24) . Similarly, no differences between CF and non-CF cell lines were found for IL-8 production in experiments in which correction of the CFTR defect normalized Cl Ϫ secretion and P. aeruginosa adherence (25) . Still another study failed to detect differences in TNF-␣-stimulated IL-8 secretion between paired cell lines where CFTR deficiency was corrected by an adenoviral vector (26) . Reduced, as opposed to increased, IL-8 production by CF cell lines was reported that was reversed by the introduction of wild-type CFTR (27) . Cells freshly harvested from inflamed CF lungs showed evidence for enhanced cytokine production (28), but no difference in baseline or stimulated IL-8 secretion due to CFTR status was detected after time in primary culture (26) . No significant differences in basal IL-8 production or NF-B activation were observed in primary nasal epithelial cells from CF versus non-CF donors, but P. aeruginosa adhered more readily and thus elicited a greater IL-8 response in CF cells (29) . Thus, it remains controversial whether intrinsically exaggerated inflammatory responses result from mutations in CFTR.
Passaged and cryopreserved primary human tracheobronchial epithelial (hTBE) cells can be grown at an air-liquid interface (ALI), where they become well differentiated, resembling the in vivo morphology. We sought to establish whether passaged CF and non-CF hTBE cells grown at an ALI until well differentiated were similar morphologically and displayed physiologic properties consistent with their genotype. We then examined whether cytokine production or NF-B activation was systematically altered in CF cells at baseline or in response to several relevant challenges, including IL-1␤, sterile culture filtrates of Staphylococcus aureus and P. aeruginosa, a synthetic toll-like receptor (TLR)-2 agonist or TNF-␣.
METHODS

Cell Culture
Human lung tissue was procured under an institutional review boardapproved protocol, and epithelial cell harvest and culture were performed using established procedures (30, 31) . Samples originated from a total of 33 non-CF and 25 CF lungs (Table 1) . Cryopreserved passage 1 cells were cultured in bronchial epithelial growth medium on Vitrogencoated plastic dishes. At 75-90% confluence, passage 2 cells were transferred to type IV collagen-coated Snapwells (Corning Costar, Cambridge, MA) for use in Ussing chambers or 0.4-m T-Clear (Corning Costar) or Millicell CM membranes (Millipore, Bedford, MA) in low-endotoxin ALI medium (32) . Beginning at Days 7-10, cells were maintained at an ALI. Histology was performed on formalin-fixed, paraffin-embedded cells at Day 21. Passage 2 cells were also cultured on 96-well plastic plates (35,000 cells/well) in bronchial epithelial growth medium. For all experiments, the minimum sample size was cultures from four indi- Definition of abbreviations: CF ϭ cystic fibrosis; COPD ϭ chronic obstructive pulmonary disease; NTD ϭ nontransplant donor, lung unsuitable because of acute injury, age, etc.; PF ϭ pulmonary fibrosis; TD ϭ excess airway from lung transplant donor; ? ϭ mutation not identified.
Use categories: 1 ϭ electrophysiology, morphology, cytokine secretion at baseline and after interleukin-1␤, nuclear factor-B, electrophoretic mobility shift assay-all in replicates of same cells; 2 ϭ P. aeruginosa and S. aureus response without serum; 3 ϭ P. aeruginosa response with serum; 4 ϭ TLR-2 agonist; and 5 ϭ S. aureus and P. aeruginosa time course and dose response.
viduals, but the sample size ranged up to 11. Samples were obtained from triplicate culture wells.
Bioelectric Properties
Six and 21 days after formation of an ALI, Snapwell inserts were mounted in Ussing chambers (Physiologic Instruments Inc., San Diego, CA). The epithelium was voltage clamped, and short-circuit current (I sc ) and transepithelial resistance measured (Physiologic Instruments). Data were analyzed using Acquire and Analysis (version 1.2) software (Physiologic Instruments). Solutions and compound additions are given in the online supplement.
Bacterial Filtrates
S. aureus strain ATCC 29213 and P. aeruginosa strain ATCC 27853 were grown in trypticase soy broth for 72 hours at 37Њ with shaking at 250 rpm. Cultures were centrifuged at 5,500 ϫ g (4ЊC) for 30 minutes, and supernatants were 0.45 m filtered, aliquoted, and stored at Ϫ20ЊC.
Cell Stimulation and Biochemical Measurements
Well differentiated cells on membranes and poorly differentiated cells grown on plastic were challenged with IL-1␤, S. aureus, or P. aeruginosa filtrates, the TLR-2 agonist S- [2,3- 
, or TNF-␣ as indicated. Cytokines, lactate dehydrogenase (LDH), and DNA were assayed as described in the online supplement.
Electrophoretic Mobility Shift Assays
hTBE cells on 24-mm inserts were treated with buffer or IL-1␤ (5 ng/ml) for 1 hour, and nuclear extracts were prepared from three replicate wells and processed as described previously (32) . Loading of gels was normalized for the protein content of the nuclear extracts.
Statistical Analysis
Data are presented as the means Ϯ SEM. Raw cytokine concentrations, fold changes versus control subjects, or values normalized for DNA are given as indicated. Log transformation was used to achieve a normal distribution, and analysis of variance with standard weighted means was performed using VassarStats software (http://faculty.vassar.edu./ lowry/VassarStats.html). Where appropriate, significance between groups was determined using Tukey's test and was accepted if p was less than 0.05.
RESULTS
It is controversial whether the CF defect intrinsically alters the production of inflammatory mediators by airway epithelial cells. Although many prior investigations used cell lines, our approach was to study well differentiated, passaged, primary non-CF and CF hTBE cells.
Morphologic and Electrophysiologic Properties of Well Differentiated hTBE Cells
In an initial experiment, we simultaneously thawed cryopreserved primary epithelial cells derived from six non-CF and six CF airway specimens. All 12 cultures were initiated simultaneously, thus minimizing one source of experimental variability, and all cultures grew well as passage 1 cells on plastic and were transferred to porous supports as passage 2 cells. All passage 2 cells became confluent within 7-10 days, at which point an ALI was established. By 21 days after ALI, both CF and non-CF hTBE cells differentiated into a pseudostratified mucociliary epithelium resembling the in vivo phenotype. Although there was some variability in the thickness of the cell layer, the percentage of mucous goblet cells, and the extent of ciliation, there were no systematic morphologic differences related to derivation from non-CF versus CF airways. Representative photomicrographs are shown in Figure 1 .
Using replicate cultures from the same 12 individuals, we determined whether polarized hTBE cells were physiologically consistent with their CF versus non-CF genotype. We performed Ussing chamber studies of all specimens at 6 days after ALI and in five of six CF and four of six non-CF specimens at 21 days after ALI. Representative tracings and the mean data are given in Figure 2 and Table 2 . At Day 6, forskolin did not stimulate I sc in any of the CF cultures but did in all six of the non-CF cultures, whereas both cell types responded to uridine 5'-triphosphate. At 21 days after ALI, CF and non-CF cells demonstrated similar basal I sc , and the I sc from the CF cells had a significantly larger amiloride-sensitive component compared with normal subjects. Similar to the earlier time point, forskolin did not stimulate I sc in CF cells but did in non-CF cells, whereas both cell types responded to uridine 5'-triphosphate. Thus, the electrophysiologic properties of the polarized cultures reproduce important features of the CF airway epithelial phenotype.
Cytokine Secretion at Baseline and in Response to IL-1␤
Excessive basal or stimulated cytokine secretion has been implicated in the pathogenesis of CF airway inflammation. Therefore, we quantitated IL-8 or IL-6 secretion by replicate wells of the same set of cultures that we had characterized morphologically and electrophysiologically (Figure 3) . We used 5 ng/ml of IL-1␤, a commonly used dose shown to be just beyond the beginning of the plateau response level in preliminary dose-response experiments (data not shown). Unstimulated non-CF and CF cultures produced similar amounts of IL-8 (2.3 Ϯ 0.5 and 1.6 Ϯ 0.4 ng/ml, respectively). Sham treatment (phosphate-buffered saline [PBS] instead of PBS plus IL-1␤) did not increase IL-8 secretion in either type of culture, whereas stimulation with IL-1␤ increased the levels of IL-8 nearly 10-fold. However, there were no statistically significant differences in IL-8 secretion between non-CF and CF cells (13.9 Ϯ 1.8 and 16.1 Ϯ 1.6 ng/ml, respectively), even when expressed as fold changes (8.26 Ϯ 1.65 and 12.26 Ϯ 3.81, respectively). In this experiment, baseline secretion of IL-6 was undetectable in most cultures, and stimulation with IL-1␤ increased IL-6 somewhat more in CF than in non-CF cultures (417 Ϯ 80 and 183 Ϯ 63 pg/ml, respectively), but the change was not significant by analysis of variance of logtransformed values (p ϭ 0.16). Fold change comparisons for IL-6 were not possible because so many of the starting values were 0. Neither IL-10 nor RANTES was detectable in these cultures.
Activation of NF-B at Baseline and in Response to IL-1␤
Because the promoter region of several important inflammatory mediators, including IL-8 and IL-6, contain NF-B consensus sites and because of reports of constitutive activation of NF-B in CF cells, we performed NF-B electrophoretic mobility shift assay in the same set of CF and non-CF hTBE cultures in which morphology, physiology, and cytokine release were studied (Figure 4) . Both CF and non-CF nuclei contained low levels of NF-B that were increased substantially after IL-1␤ stimulation. There was no evidence that CF hTBE cells expressed higher levels of the active p65/p50 heterodimer (upper band) than non-CF hTBE cells, either before or after stimulation. The unlabeled NF-B consensus but not the mutant oligonucleotide competed , a forskolin (Forsk)-stimulated current was present in all six of the non-CF cultures but was absent from all CF cultures, whereas both cell types responded to uridine 5Ј-triphosphate (UTP). At Day 21, a greater proportion of the baseline I sc was amiloride (Amil) sensitive in CF cells, and a forskolin response was present only in non-CF cells, whereas both cell types responded to UTP. In C, n ϭ 6, except for the UTP bars, where n ϭ 2 and 1 for CF and normal subjects, respectively. In D, n ϭ 5 and 4 for CF and normal subjects, respectively, except for the UTP bars, where n ϭ 3 and 4 for CF and normal subjects, respectively. I sc ϭ short-circuit current.
for binding with the labeled oligonucleotide, demonstrating the specificity for NF-B, and antibodies against p50 and p65 produced the expected supershifts.
Cytokine Production in Response to Exogenous Stimuli
Because airway infection is a hallmark of CF, we performed experiments in which hTBE cells were exposed to soluble products from relevant bacterial pathogens. To model in vivo exposure, we added sterile filtrates of late stationary phase S. aureus or P. aeruginosa cultures, or similarly treated bacterial growth medium (trypticase soy broth) as the control, to the apical surface of polarized cells. Doses were chosen based on preliminary studies showing lack of overt toxicity of S. aureus and P. aeruginosa filtrates up to 10% and 20%, respectively, as indicated by maintenance of a patent ALI. S. aureus filtrates appeared more damaging to the cultures as manifest by fluid leak upon 48-hour exposure to the 20% dose. The S. aureus filtrates caused modest dosedependent cellular cytotoxicity, as measured by LDH release, and non-CF cells seemed more susceptible (see Figure E1 in the online supplement). Forty-eight-hour treatment with P. aeruginosa filtrate, at any tested dose up to 20%, did not cause LDH release over control values. Thus, 10% S. aureus or 20% P. aeruginosa doses were chosen for most subsequent experiments. Definition of abbreviations: CF ϭ cystic fibrosis; hTBE ϭ human tracheobronchial epithelial; I sc ϭ short-circuit current; PD ϭ potential difference; R t ϭ transepithelial resistance.
Data are means Ϯ SEM, n ϭ 6 for the Day 6 group and n ϭ 4 and 5, respectively, for non-CF and CF at Day 21, respectively.
During a 24-hour exposure, 10% S. aureus or 20% P. aeruginosa filtrate both induced an approximately fourfold increase in IL-8 secretion (Table 3 ). There were no statistically significant differences between non-CF and CF cells (Table 3 , experiment 3.1). Human serum, as a source of LPS binding protein and soluble CD14, greatly enhances the response of human monocytes to the TLR-4 agonist LPS (33) . Culture filtrates from the Gramnegative organism P. aeruginosa likely contain LPS among other active components. Therefore, we stimulated well differentiated hTBE cell cultures from seven non-CF or seven CF individuals with P. aeruginosa filtrates or the bacterial medium control (trypticase soy broth) in the presence of 10% human serum (Table  3 , experiment 3.2). Human serum alone increased IL-8 levels (compare Table 3 , experiments 3.1 and 3.2), but there was still an approximately fourfold increase after P. aeruginosa exposure. production by Day 21 hTBE cells as measured by ELISA. Basal medium was sampled before and after a 17-hour IL-1␤ exposure. Sham treatment was performed with phosphate-buffered saline (PBS) instead of PBS plus IL-1␤. The top, middle, and bottom lines of the boxes correspond to the 75th, 50th, and 25th percentiles, and the whiskers are the 90th and 10th percentiles. The filled rectangle is the arithmetic mean. Triplicate wells were used, and each sample was assayed in duplicate (n ϭ cells from six different individuals). After log transformation to achieve normality, analysis of variance indicated that the differences between non-CF and CF cells were not significant. In this experiment, there was great variability in the range of both baseline values and fold increases, and there were no significant differences between non-CF and CF cells. The bacterial supernatants contain a mixture of compounds that can activate cells through TLRs and other mechanisms. Because our previous mRNA analysis indicated that hTBE cells express TLR-2 (32), we also exposed the cells to the synthetic TLR-2 agonist Pam3-Cys. To accommodate a more extensive comparison between CF and non-CF cultures (n ϭ 11 each), we chose the inactive 
TABLE 3. INTERLEUKIN-8 SECRETION (ng/ml OR AVERAGE FOLD INCREASE AS INDICATED) IN RESPONSE TO BACTERIAL PRODUCTS OR A SYNTHETIC TOLL-LIKE RECEPTOR 2 AGONIST
Definition of abbreviations: CF ϭ cystic fibrosis; IL ϭ interleukin; OH3Cys ϭ Cys-(S)-Ser-Lys4-OH, trihydrochloride; Pam3Cys ϭ S-[2,3-bis(palmitoyloxy)-(2-RS)-propyl]-N-palmitoyl-(R)-Cys-(S)-Ser-Lys4-OH, trihydrochloride; P. aeruginosa ϭ Pseudomonas aeruginosa; S. aureus ϭ Staphylococcus aureus; TSB ϭ trypticase soy broth.
Human tracheobronchial epithelial cells were cultured at an air-liquid interface until well differentiated and were treated for 24 hours as indicated. Experiment 3.1: Apical TSB-negative control (20%), P. aeruginosa filtrate (20%), or S. aureus filtrate (10%) in the absence of serum. Experiment 3.2: Apical TSB (20%) or P. aeruginosa filtrate (20%) in the presence of 10% human serum. Experiment 3.3: Apical and basolateral inactive analogue OH3Cys (25 g/ml), or active toll-like receptor 2 agonist Pam3Cys (25 g/ml). Basolateral media from triplicate wells were assayed for IL-8 by ELISA. Data are means Ϯ SEM. Samples were from triplicate wells; n indicates the number of individuals per group. Analysis of variance indicated no significant differences in any non-CF versus CF comparisons.
OH3Cys analogue as the control rather than media alone. IL-8 levels in the OH3Cys-treated cells were higher than in previous control cultures. Nevertheless, hTBE cells responded specifically to Pam3Cys with robust IL-8 production, and the difference between non-CF and CF cells was insignificant (Table 3 , experiment 3.3).
Secretion of IL-6 in response to bacterial supernatants was examined in the absence or presence of human serum (Table 4 , experiments 4.1 or 4.2, respectively). In accordance with the IL-8 data, human serum alone increased IL-6 secretion, and P. aeruginosa or S. aureus filtrates further increased IL-6 secretion at least threefold under all conditions. Interestingly, secretion of IL-6 in the trypticase soy broth control was substantially lower in the CF groups, resulting in a greater fold increase in IL-6 in CF cells. However, because of variability between donors, the difference between CF and non-CF cultures was not significant.
Cytokine Production in Poorly Differentiated hTBE Cells in Response to Endogenous and Exogenous Stimuli
Because many previously reported studies involving non-CF versus CF cytokine production were performed using poorly differentiated cells or cell lines, we determined whether differences were detectable in primary cells before they assumed a mucociliary phenotype. For this purpose, hTBE cells were cultured on plastic until confluence and then exposed to media alone, the endogenous cytokines IL-1␤, TNF-␣, or the synthetic TLR-2 agonist Pam3Cys and its control, OH3-Cys. As indicated in Figure 5 , there were no statistically significant differences in IL-8 production between poorly differentiated non-CF and CF cells.
Dose-and Time-dependent IL-8 Production in Well Differentiated CF and non-CF hTBE Cultures
A study comparing CFTR-deficient with CFTR-sufficient cell lines indicated that hyperinflammatory responses in CF cells became more apparent on prolonged stimulation (15) . Because our previous studies might have missed dose-and/or time-dependent differences between non-CF and CF cells, we stimulated well differentiated hTBE cultures with varying concentrations of bacterial filtrates, sampling the basolateral medium at 8, 24, and 48 hours. IL-8 secretion is presented as fold increase over the trypticase soy broth control at 8 hours (Figure 6 ). S. aureus Definition of abbreviations: CF ϭ cystic fibrosis; IL ϭ interleukin; P. aeruginosa ϭ Pseudomonas aeruginosa; S. aureus ϭ Staphylococcus aureus; TSB ϭ trypticase soy broth.
Human tracheobronchial epithelial cells were cultured at an air-liquid interface until well differentiated and were treated apically for 24 hours as indicated. Experiment 4.1: TSB-negative control (20%), P. aeruginosa filtrate (20%) or S. aureus filtrate (10%) in the absence of serum. Experiment 4.2: TSB (20%) or P. aeruginosa filtrate (20%) in the presence of 10% human serum. Basolateral media were assayed for IL-6 by ELISA. Data are means Ϯ SEM. Samples were from triplicate wells; n indicates the number of individuals per group. Analysis of variance indicated no significant differences in any non-CF versus CF comparisons.
treatment was performed in the absence of human serum, and P. aeruginosa challenges were performed in both the absence and presence of 10% human serum. Control IL-8 secretion was not different between non-CF and CF cultures, and similar increases were observed over time (note the different scales at 8, 24, and 48 hours in Figure 6 ). Except for the 20% group at 8 hours, S. aureus filtrates elicited similar IL-8 secretion in non-CF and CF cells at all time points; 20% P. aeruginosa filtrate in the absence of serum stimulated 10-to 20-fold increases in IL-8 at 24 and 48 hours, respectively, and there were no statistically significant differences between non-CF and CF cells. In contrast, when P. aeruginosa was added in the presence of human serum, in this experiment, IL-8 secretion by CF cells was significantly greater at all time points. The differences became most apparent at the 48-hour time point where only modest increases in IL-8 over control values were seen in non-CF cells, compared with a doubling at the higher P. aeruginosa doses in CF cells. Because cell proliferation during 48 hours of culture may differ between non-CF and CF cells, we measured the DNA at the end of the 48-hour exposure and normalized IL-8 levels for DNA content (Figure 7) . Again, CF versus non-CF differences were not significantly different, except for P. aeruginosa stimulation in the presence of human serum. Thus, normalization for DNA content did not alter the results.
DISCUSSION
Evidence for excessive neutrophil dominated inflammation in bronchial lavage fluid from CF patients when compared with Figure 5 . IL-8 production by poorly differentiated hTBE cultured on plastic. hTBE cells were treated with media alone, stimulated as described with OH3Cys (inactive analogue of Pam3Cys, 25 g/ml), Pam3-Cys (25 g/ml), tumor necrosis factor-␣ (TNF-␣) (25 ng/ml), or IL-1␤ (10 ng/ml) for 24 hours when supernatants were collected for IL-8 quantitation by ELISA. The data are means Ϯ SEM from triplicate wells of cells derived from 11 different non-CF and CF lungs. Statistically significant differences between non-CF and CF groups were not present as indicated by analysis of variance.
non-CF individuals has been documented (6) (7) (8) , but the cause is not clear. In vitro studies performed with nasal or bronchial epithelial cells from CF or non-CF individuals or with immortalized cell lines in which CFTR status has been manipulated give conflicting results, ranging from increased NF-B activation and production of IL-8 to no changes or even decreased levels of inflammatory cytokines (14) (15) (16) (17) (22) (23) (24) (25) (26) (27) . Thus, it is controversial whether excessive pulmonary inflammation is an intrinsic property of the CFTR defect or whether it is secondary to the unique environment of the CF lung.
Our studies focused on primary airway epithelial cells. The culture methods employed included an expansion to a second passage. Samples from a total of 33 non-CF and 25 CF lungs were available for comparison. When cultured at an ALI until well differentiated, the cells mimicked many features (polarity, I sc , cAMP-sensitive Cl Ϫ conductance, fluid absorption, mucus transport) expected of normal and CF airway epithelium ( Figure  1) (1). Unlike transfected cell lines, these passage 2 hTBE cells are likely to express physiologically relevant numbers of mutant and normal CFTR channels, as manifested by their electrophysiologic properties. Under these conditions, there was no evidence that CF-derived cells contained more activated NF-B or secreted more IL-8 than non-CF cells, either in their basal state or when stimulated with IL-1␤. IL-10 or RANTES was not detectable in these cultures. IL-6 production in CF cells stimulated with IL-1␤ was somewhat greater than in non-CF cells, but the difference was not statistically significant.
Airway epithelial cells express mRNA for many of the TLRs, including TLR-1, TLR-2, TLR-3, TLR-4, TLR-5, and TLR-6 (32). The bacterial products used in our studies likely stimulate hTBE cells through these receptors, activating characteristic downstream signal transduction pathways. In the absence of human serum, neither S. aureus or P. aeruginosa filtrates (with exception of the 20% S. aureus dose at 8 hours) nor a synthetic TLR-2 agonist revealed any differences in IL-8 or IL-6 secretion in well-differentiated hTBE derived from non-CF or CF lungs. The lack of differential sensitivity to relevant proinflammatory agents was not a result of prolonged culture to achieve a mucociliary phenotype, as poorly differentiated cells on plastic did not show differences in cytokine-or TLR-2 agonist-stimulated IL-8 secretion due to CFTR status.
Interestingly, when hTBE cultures were exposed to P. aeruginosa filtrate in the presence of human serum, significant differences sometimes became apparent between non-CF and CF cells. IL-8 secretion by both cell types continued to increase over time. CF cells demonstrated continuous dose responsiveness to Figure 6 . IL-8 production by well differentiated non-CF and CF hTBE cells. Time course and dose response to S. aureus (S. a.) or P. aeruginosa (Ps. a.) in the absence of human serum (top) or P. aeruginosa in the presence of 10% human serum (bottom). ALI hTBE cell cultures were apically challenged with the indicated concentrations of bacterial filtrates. IL-8 in the basolateral media was measured by ELISA at 8, 24, or 48 hours. All data are presented as the means Ϯ SEM of fold increases over the corresponding control value (0% bacterial filtrate, 20% trypticase soy broth) at 8 hours. Absolute levels are indicated on the 8-hour panels. n ϭ 8 for the non-CF group and 9 for the CF group except for the 2.5% and 20% doses of S. aureus, the 20% P. aeruginosa dose without serum, and the 2.5% and 10% dose of P. aeruginosa with serum where n ϭ 4 and 5 for non-CF and CF, respectively. Differences between non-CF and CF groups were determined by analysis of variance and Tukey'spost hoc test and are denoted by *p Ͻ 0.05 or **p Ͻ 0.01, respectively. P. aeruginosa filtrate, whereas the stimulatory effects of P. aeruginosa on non-CF cells seemed to wane, especially at the 48-hour time point. An initial experiment failed to reveal significant differences between CF and non-CF hTBE cells to P. aeruginosa filtrates at 24 hours even when human serum was present (Table  4) . It is possible that variability between donors, including coincidentally clustered hyperresponders in the non-CF group, masked any differences in this particular experiment. Non-CF versus CF differences may have become apparent if this initial experiment was extended to 48 hours. However, there was a clear increase in P. aeruginosa-stimulated IL-8 production by CF cells in the Figure 7 . IL-8 production in well differentiated non-CF and CF hTBE cells after normalization for DNA content per culture well. ALI hTBE cell cultures were apically challenged with 10% S. aureus or P. aeruginosa in the absence of human serum or 20% P. aeruginosa in the presence of 10% human serum as indicated. IL-8 in the basolateral medium and DNA in the cell layer was measured by ELISA and a fluorescence-based kit, respectively. n ϭ 8 for the non-CF group and 9 for the CF group except for P. aeruginosa without serum where n ϭ 4 and 5, respectively. Statistically significant differences between non-CF and CF groups were determined by analysis of variance and Tukey's post hoc test and are denoted **p Ͻ 0.01.
presence of human serum in a second experiment. Overall, our data indicate that inflammatory responses of non-CF and CF cells are not globally different but that exaggerated responses may develop in CF cells under specific conditions. The significant differences in our experiments were never greater than 2.5-fold. CF cells may be more sensitive to synergism between serum and P. aeruginosa-derived factors, and it is possible that when multiple proinflammatory pathways are activated, non-CF cells are more capable of limiting their responsiveness than CF cells. As the studies presented here were under review, data were published comparing intercellular adhesion molecule-1 upregulation or IL-8 secretion in response to TNF-␣, IL-1␤, killed whole Haemophilus influenzae or P. aeruginosa in primary hTBE cells from eight non-CF and eight CF donors (34) . These studies support our findings that differences between non-CF and CF cells are apparent only under specific conditions and that donorto-donor variability complicates their detection.
It is important to note that all in vitro cell culture systems are only an approximation of the actual in vivo physiologic state. The electrophysiologic properties of the CF epithelium in vivo include a higher baseline potential difference thought to represent hyperactivity of epithelial sodium channels and higher I sc responses to calcium mobilizing agonists such as uridine 5'-triphosphate (35, 36) . Although the non-CF and CF passage 2 cultures we studied were absolutely faithful to their genotype regarding the absence or presence of cAMP stimulated currents, the CF cells did not exhibit higher baseline potential differences or exaggerated uridine 5'-triphosphate responses. One could argue that the intrinsic hyperinflammatory defect is linked to the sodium channel and calcium-activated chloride channel abnormalities. In vitro cultures displaying hyperactivity of sodium and calcium activated chloride channels will be necessary to resolve this question.
Studies using cell lines offer the attractive feature of manipulating CFTR status on an isogenic background. The exact cause for paradoxical results between the many reports using different paired CF and non-CF cell lines is unknown. In the recently published study of Aldallal and colleagues (34), significant differences in IL-8 secretion ascribed to CFTR correction could be demonstrated in one but not another set of paired cell lines. The differences may relate to altered gene expression patterns or changes in signal transduction pathways induced during the generation of the specific cell lines. Many cell lines are unstable and aneuploid because of the action of the transforming oncogenes used in their creation. In many cases, cell lines may be separated by many passages and may have accumulated differences other than CFTR status.
In summary, IL-8 secretion and NF-B activation, at baseline or in response to a diverse set of relevant stimuli, were generally similar in a representative sample of passaged primary CF and non-CF hTBE cells that morphologically and physiologically reproduce many features of the in vivo bronchial epithelium. Only under certain conditions, such as P. aeruginosa in the presence but not in the absence of serum, was there an exaggerated and sustained but somewhat variable IL-8 response in CF cells. Our results suggest that intrinsic baseline differences in inflammation due to mutant CFTR per se are not a primary cause for the hyperinflammatory status of the CF lung. More likely, severe inflammation occurs in response to bacteria, their products, and host factors that accumulate in the unique environment created by defective mucociliary clearance in the CF lung. Under these circumstances, it is possible that CF cells are less capable of downregulating proinflammatory responses.
